Malignant cells utilize diverse strategies that enable them to thrive under adverse conditions while simultaneously inhibiting the development of anti-tumor immune responses. Hostile microenvironmental conditions within tumor masses, such as nutrient deprivation, oxygen limitation, high metabolic demand, and oxidative stress, disturb the protein-folding capacity of the endoplasmic reticulum (ER), thereby provoking a cellular state of ''ER stress.'' Sustained activation of ER stress sensors endows malignant cells with greater tumorigenic, metastatic, and drug-resistant capacity. Additionally, recent studies have uncovered that ER stress responses further impede the development of protective anti-cancer immunity by manipulating the function of myeloid cells in the tumor microenvironment. Here, we discuss the tumorigenic and immunoregulatory effects of ER stress in cancer, and we explore the concept of targeting ER stress responses to enhance the efficacy of standard chemotherapies and evolving cancer immunotherapies in the clinic.
Tumor growth persists despite many cell-intrinsic and cellextrinsic stresses, including dysregulated proliferation, oxidative stress, nutrient and lipid deprivation, hypoxia, and acidic extracellular pH. Tumor progression despite these challenges requires frequent adaptation. The endoplasmic reticulum (ER) regulates this adaptive capacity by coordinating a wide array of fundamental cellular processes, including transmembrane and secretory protein folding, lipid biosynthesis, drug detoxification, and calcium storage and signaling. At steady state, the ER protein-folding machinery readily handles secretory pathway requirements. However, if misfolded proteins accumulate beyond a tolerable threshold, ER-resident sensors trigger an unfolded protein response (UPR) to transcriptionally and translationally improve ER protein-folding capacity. If these corrective efforts are insufficient, the cell will undergo apoptosis (Wang and Kaufman, 2014) .
Despite these potentially fatal outcomes, robust ER stress responses have been documented in most major types of human cancer, including breast, pancreatic, lung, skin, prostate, brain, and even liquid malignancies (Wang and Kaufman, 2014) . Furthermore, ER stress in situ frequently correlates with advanced-stage disease and chemoresistance. The ability to tolerate persistent ER stress enhances cancer cell survival, angiogenesis, metastatic capacity, drug resistance, and immunosuppression. Yet this risky balancing act also endows cancer cells with selective vulnerabilities that could be harnessed to therapeutic advantage. In this review, we explore the causes and consequences of ER stress in malignancy within individual tumor cells and across their larger microenvironments.
Orchestrating an ER Stress Response
Detecting and resolving ER stress requires three major ER-spanning transmembrane proteins, inositol-requiring enzyme 1a (IRE1a) (encoded by ERN1), PKR-like ER kinase (PERK) (encoded by EIF2AK3), and activating transcription factor 6a (ATF6a) (encoded by ATF6). These sensors exhibit a broadly similar activation mechanism and regulate many unique and overlapping facets of the ER stress response. Each is bound intraluminally by the chaperone protein BiP (encoded by HSPA5), which locks them in monomeric, inactive states. If the level of intraluminal misfolded proteins exceeds the folding capacity of ER-resident chaperones, glycosylases, and oxido-reductases, BiP dissociates from IRE1a, PERK, and ATF6a Shen et al., 2002) . These sensors subsequently drive mutually reinforcing signaling pathways to correct the proteinmisfolding stress. If the burden can be reduced quickly, the cells successfully adapt to the insult, whereas insufficient clearance results in apoptotic cell death. IRE1a-XBP1 IRE1a is a highly conserved dual enzyme possessing both kinase and endoribonuclease activity. After BiP dissociation, IRE1a dimerizes and autophosphorylates, triggering a conformational shift that allosterically activates its endoribonuclease domain. This nuclease then catalyzes a unique cytoplasmic mRNAsplicing reaction, specifically cleaving out 26 nucleotides from the XBP1 mRNA, which is subsequently re-ligated by the tRNA ligase RCTB (Lu et al., 2014; Yoshida et al., 2001 ). Re-ligation causes a reading frameshift and translation of the highly active transcription factor XBP1, which upregulates multiple foldases, oxido-reductases, intracellular trafficking components, ERassociated degradation machinery, and glycosylases to correct ER homeostasis (Shoulders et al., 2013) . XBP1 also upregulates UPR-independent pathways, including pro-inflammatory cytokine production, lipid and hexosamine biosynthesis, and the hypoxia response . XBP1 induction favors cell survival, as enforced overexpression rescues cell viability in vitro and in a transgenic rat model of retinitis pigmentosa (Lin et al., 2007) . However, under severe ER stress, IRE1a can also oligomerize and sequence-specifically degrade multiple ER-localized mRNAs and microRNAs in a pro-apoptotic process known as regulated IRE1a-dependent decay (RIDD) (Hollien et al., 2009; Lerner et al., 2012) . Independently of its endoribonuclease function, phosphorylated IRE1a recruits TRAF2 to facilitate JNK and NFkB activation upon pharmacological ER stress (Tam et al., 2012; Urano et al., 2000) . Similarly, IRE1a constitutively associates with the transcription factor STAT3 in mouse primary hepatocytes, and this interaction is crucial for enhancing STAT3 phosphorylation both in vitro and in vivo (Liu et al., 2015) . IRE1a is thus well positioned to influence several key regulators of tumorigenesis independently of XBP1.
Interestingly, decreased ER membrane fluidity resulting from increased ER phospholipid saturation induces IRE1a activation by forcing transmembrane domains of neighboring IRE1a monomers into contact. Exogenous saturated lipids, such as palmitate, or loss of lipid desaturases like SCD1 perturbs ER membrane composition and can induce this activation mode (Volmer et al., 2013) . Elegant studies using truncated IRE1a variants unable to bind BiP revealed that this lipid-mediated activation mode proceeds in the absence of misfolded proteins. Interestingly, IRE1a cannot oligomerize when activated by membrane lipid saturation, potentially favoring cell survival outcomes (Kitai et al., 2013) . However, given the immense difficulty in quantifying intracellular protein misfolding, the relative contribution of membrane rigidity versus unfolded protein accumulation to IRE1a activation in vivo remains unknown. PERK Like IRE1a, PERK homodimerizes and autophosphorylates upon BiP dissociation or reduced ER membrane fluidity (Volmer et al., 2013) . Activated PERK phosphorylates the translation initiation factor eIF2a (encoded by EIF2S1), which reduces the influx of nascent proteins into the ER by restricting 5 0 cap-dependent mRNA translation (Harding et al., 1999) . Reduced translation rates facilitate focused refolding efforts by ER-localized chaperones. Paradoxically, global translational inhibition increases selective translation of the transcription factor ATF4, which directly upregulates the transcription factor C/EBP-homologous protein (CHOP) (encoded by DDIT3). Subsequently, ATF4 and CHOP cooperatively induce multiple genes involved in amino acid biosynthesis, amino acid transport, and the intracellular recycling system autophagy (B'chir et al., 2013; Han et al., 2013) . Accelerated amino acid biosynthesis generates significant amounts of reactive oxygen species (ROS), which induces apoptosis if left unabated. However, PERK limits ROS accumulation by phosphorylating and stabilizing NRF2 (Cullinan et al., 2003) , enhancing glutathione synthesis , and upregulating heme oxygenase-1 (HO-1) (Dey et al., 2015) . PERK also activates NFkB by repressing translation of the NFkB inhibitor IkBa (Tam et al., 2012) . ATF6a After BiP dissociation, ATF6a translocates to the Golgi apparatus, where it is cleaved intramembranously by site 1 and site 2 proteases to liberate an active, soluble ATF6a transcription factor (Shen et al., 2002) . Disulfide bonding additionally regulates this ER-to-Golgi trafficking, and only monomeric, reduced ATF6a can properly access COPII endosomes (Schindler and Schekman, 2009) . Unlike PERK and IRE1a, reduced ER membrane fluidity does not activate ATF6a, perhaps because dimerization is unfavorable for ATF6a activation. ATF6a fine-tunes the UPR by upregulating BiP and a subset of XBP1-dependent chaperones, oxidoreductases, and quality control and degradation machinery (Shoulders et al., 2013) . Whereas IRE1a and PERK conditional or germline knockout mice often exhibit pronounced phenotypes, ATF6a germline knockout mice only yield clear phenotypes under pharmacological or pathological stresses (Yamamoto et al., 2010) , suggesting that ATF6a finetunes the UPR, which is largely controlled by the more dominant PERK/IRE1a responses.
Sources of ER Stress in Tumors
Multiple cell-intrinsic and cell-extrinsic mechanisms initiate and amplify ER stress within the cancer cell and the larger tumor microenvironment (Figure 1 ). Spatiotemporal differences in ER stress burden, driven by genetic, epigenetic, and microenvironmental heterogeneity, likely result in a range of pro-survival and pro-apoptotic responses. Anticancer interventions, such as chemotherapy, can also modulate UPR signaling, though the clinical implications are only beginning to be understood.
Cell-Intrinsic Sources
Cancer initiation and development require both inactivation of tumor suppressors and/or the acquisition of oncogenic mutations that uncouple proliferation from extracellular, growth factor-mediated regulation. Transformation-associated increases in protein synthesis often overwhelm ER protein-folding capacity. In particular, highly secretory cancers, such as the B cell malignancy multiple myeloma, which produces extremely high levels of immunoglobulins, often undergo persistent ER stress (Obeng et al., 2006) . Specific cellular behaviors can also influence protein secretory rates, as evidenced by PERK activation during epithelial-mesenchymal transition (EMT) (Feng et al., 2014) . Similarly, oncogenic transformation driven by loss of the tumor suppressors p53, PTEN, TSC1, or TSC2 dramatically enhances protein synthesis rates, leading to ER stress (Hart et al., 2012; Namba et al., 2015; Signer et al., 2014) . Enhanced protein synthesis and concomitant ER stress are also observed upon overexpression of oncogenic HRAS (G12E), BRAF (V600E), c-Myc, or Src (Chen et al., 2014; Corazzari et al., 2015; Denoyelle et al., 2006) . Importantly, both the UPR signaling and leukemia development induced by conditional PTEN deletion (Signer et al., 2014) or c-Myc overexpression (Hart et al., 2012) were dramatically reduced or entirely abrogated upon heterozygous deletion of the key translation rate regulator ribosomal protein RPL24. This strongly implicates protein synthesis rate as a key driver of ER stress and tumorigenicity in vivo.
However, oncogene expression does not always induce ER stress. In contrast to c-Myc transgene-driven B cell lymphoma (Hart et al., 2012) , high MYC expression insulated a large panel of human cancer cell lines from ER stress upon exogenous proline depletion (Sahu et al., 2016) . Similarly, Ras-transformed, Myc high cells exhibited low basal ER stress but activated the UPR upon Ras inhibition, suggesting that additional layers of regulation coordinate MYC expression with ER homeostasis (Yaari-Stark et al., 2010) . Furthermore, exogenous desaturated lipids protected TSC2 À/À mouse embryonic fibroblasts (MEFs) from ER stress (Young et al., 2013) . Recently transformed cells may initially undergo ER stress in response to the higher replicative and metabolic demands but can adapt by enhancing steady-state ER protein-folding capacity (Huber et al., 2013) . However, de novo genetic mutations and other cell-intrinsic and cell-extrinsic stresses likely contribute to the active UPR observed in most major cancer types (Wang and Kaufman, 2014) . Fundamental differences in the experimental approaches used, such as overexpression versus endogenous expression, primary cells versus cell lines, and in vivo versus in vitro models, may have also contributed to these discrepant findings. Future work should address how protein-translation rates and related processes, such as copy number alterations, epigenetic modifications, and microRNA-mediated regulatory mechanisms, influence the prevalence and intensity of ER stress responses in human tumors. Furthermore, identifying genetic defects and cell biological changes that influence the saturated:unsaturated ER phospholipid ratio will help distinguish protein misfolding from lipotoxic sources of ER stress. Nonsynonymous mutations can also directly destabilize intrinsic protein folding, triggering the UPR by overwhelming Malignant transformation mediated by oncogene activation and loss of tumor suppressor function places intense biosynthetic and bioenergetic demands on available cellular resources, triggering initial ER stress. Cancer cells may eventually adapt to these early challenges, yet as tumors expand, they encounter a host of new environmental stresses, including oxygen and nutrient deprivation, lactic acidosis, and multiple forms of clinical intervention. These stimuli can disrupt ER protein folding by limiting crucial reaction intermediates (i.e., O2 and N-acetylglucosamine) or by directly disrupting chaperone function via ROS-mediated lipid peroxidation and covalent adduct formation.
ER-resident chaperone capacity. Consistent with this, overexpressing certain destabilized smoothened (SMO) mutants induces robust ER stress in Drosophila in vivo (Marada et al., 2013) . Solid tumors possess dozens of nonsynonymous mutations, with certain cancers, such as melanoma and lung cancers, harboring upward of 200 mutations (Vogelstein et al., 2013) . Identifying the spectrum of protein-destabilizing mutations that can trigger ER stress will help clarify the physiological relevance of this mechanism.
Microenvironmental Sources
The tumor microenvironment (TME) predominantly fuels ER stress via oxygen and nutrient deprivation and acidic waste accumulation, though hypernutrition can also contribute during obesity (Nakagawa et al., 2014) . Whereas normal cells primarily rely on oxidative phosphorylation or anaerobic glycolysis to generate ATP, cancer cells often favor aerobic glycolysis in a phenomenon known as the Warburg effect. Consequently, rapidly dividing cancer cells aggressively consume glucose and release large quantities of lactic acid waste regardless of local oxygen concentration, which lowers local extracellular pH. Tumors initially rely on resident tissue microvasculature to supply key nutrients and oxygen but eventually must generate their own local neovasculature to sustain growth. Though normal tissues possess highly ordered and efficient vasculature, tumorgenerated neovasculature is generally leaky and torturous with slow, inconsistent blood flow. Such intermittent circulation limits nutrient accessibility, oxygen delivery, and waste drainage, thereby driving sporadic, acute hypoxia and lactic acidosis (Vaupel et al., 1989) .
Each of these extracellular conditions can induce ER stress, though responsiveness varies depending on cell type. Low oxygen tension activates complex III of the mitochondrial electron transport chain to increase cytosolic ROS production, required for stabilizing the key hypoxia response transcription factor HIF1a (Guzy et al., 2005) . ROS can also generate highly reactive peroxidized lipid byproducts, which form destructive covalent adducts with various ER chaperones (Cubillos-Ruiz et al., 2015; Vladykovskaya et al., 2012) . Furthermore, both ER disulphide bond formation and lipid desaturation require molecular oxygen. Nutrient deprivation, particularly of glucose and glutamine, limits metabolic intermediates required for the hexosamine biosynthetic pathway (HBP). The HBP generates substrates for N-linked protein glycosylation, which is required for successful ER protein folding (Huber et al., 2013) . Proline starvation can also induce ER stress, potentially by inducing excessive ROS accumulation (Sahu et al., 2016) . Lastly, extracellular acidosis can induce ER stress in a ROS-dependent manner, possibly by driving lipid peroxidation-mediated chaperone dysfunction (Xie et al., 2015) . Whether acid-sensing G-proteincoupled-receptors (GPCRs) can trigger ER-stress-inducing calcium fluxes and ROS generation in the TME remains to be determined.
Clinical Sources
Multiple anticancer drugs induce potent ER stress responses in vitro, and ER stress can facilitate anticancer drug efficacy or the development of chemoresistance, depending on context and tumor type. Paclitaxel, doxorubicin, the BRAF (V600E) inhibitor vemurafenib, and the epidermal growth factor receptor (EGFR) inhibitor cetuximab potently induce eIF2a phosphorylation and downstream signaling, though the involvement of PERK in some cases remains unclear (Jeon et al., 2015; Ma et al., 2014; Pozzi et al., 2016) . Several anthracyclines can also trigger lethal ER stress by enhancing ROS levels and depleting ER calcium stores, leading to PERK-dependent immunogenic cell death (ICD) (Kepp et al., 2013) . Additionally, the proteasome inhibitor bortezomib induces ER stress and CHOP expression but paradoxically reduces XBP1 protein accumulation by diminishing IRE1a-mediated XBP1 mRNA splicing and stabilizing the dominant-negative unspliced XBP1 protein .
Critically, bortezomib-resistant multiple myelomas partially dedifferentiate to XBP1 low , providing clinical evidence that bortezomib efficacy likely relies on UPR inhibition (Leung-Hagesteijn et al., 2013) . Thus, interactions between anticancer drugs and ER stress signaling can significantly alter disease progression. Whether additional anticancer drugs induce intratumoral ER stress in vivo remains to be determined. If they do, intratumoral ER stress may be a valuable biomarker for determining whether to use UPR-activating or inhibiting compounds. However, as ER stress is also highly immunosuppressive in many leukocyte populations (described below), ER-stress-inducing drug dosages must be carefully optimized to enable selective cancer killing without compromising anti-tumor immune responses.
Mechanisms of ER-Stress-Mediated Tumor Progression
Irremediable ER protein-folding defects are often lethal, yet tolerable levels of ER stress paradoxically facilitate multiple mechanisms of tumor development. These include bolstering viability under hypoxia and nutrient deprivation, enhancing metastatic spread by supporting EMT, tumor cell dormancy, and tumor-initiating cell (TIC) function and stimulating angiogenesis ( Figure 2 ). Many of these beneficial adaptations arise from intimate links between the ER stress response and fundamental cell biological processes, such as autophagy and ER-mitochondrial crosstalk (Wang and Kaufman, 2014) . As ER stress is a common feature of aggressive cancers, understanding how the UPR modulates disease is critical for identifying promising new clinical strategies. Cell Survival ER stress dictates cell fate depending on context and signal strength. Prolonged and severe pharmacological ER stress can trigger caspase-mediated cell death through several IRE1a-and PERK-dependent mechanisms. IRE1a-mediated JNK activation represses anti-apoptotic BCL2 activity and enhances pro-apoptotic BIM function, thereby favoring cell death (Wang and Kaufman, 2014) . In parallel, RIDD de-represses proapoptotic caspase-2 and Txnip expression in MEFs and pancreatic b cells, respectively, by specifically cleaving microRNAs miR-17, miR-34a, miR-96, and miR-125b (Lerner et al., 2012; Upton et al., 2012) . ATF4 and CHOP accelerate protein synthesis by upregulating tRNA synthetase expression, which elevates ROS production from ER oxidative protein folding. Importantly, the anti-oxidant butylated hydroxyanisole and silencing RPL24 significantly reduced cell death by reducing ROS and proteintranslation rates . Excessive intratumoral ER stress can also indirectly induce cancer cell death by enhancing immunosurveillance (Kepp et al., 2013) . Chromosomal tetraploidy enhances protein translation rates and induces ERstress-dependent calreticulin translocation to the plasma membrane, which serves as a phagocyte ''eat me'' signal to facilitate ICD. Therefore, immunosurveillance selects against cancer cells undergoing intense ER stress (Senovilla et al., 2012) and suggests that selectively exacerbating cancer cell ER stress could enhance cell-intrinsic and immune-mediated tumor regression. Mammalian cells have evolved multiple adaptive mechanisms to limit pro-apoptotic UPR outputs. MEFs exposed to persistent low-grade pharmacological ER stress resist subsequent ER insults, likely due to higher pro-survival Hspa5 mRNA stability 
. Consequences of ER Stress in Cancer Cells
Sublethal UPR activation and signaling via IRE1a, PERK, and ATF6a sustain multiple cell-intrinsic and cell-extrinsic mechanisms of tumor progression. ER-stress-mediated activation of central signaling hubs, such as HIF1a, STAT3, NRF2, and NFkB, facilitates cell survival under harsh microenvironmental conditions and preserves tumor-initiating cell function. Cytokine-driven angiogenesis delivers much-needed oxygen and nutrients into the tumor bed, though IRE1a-deficient cells can also utilize vessel co-option. Intrinsic cancer cell apoptotic resistance is likely crucial for harnessing ER stress to enhance tumor growth.
and reduced pro-apoptotic Ddit3 mRNA stability (Rutkowski et al., 2006) . Furthermore, STAT3 and NFkB, which can be activated by IRE1a and PERK, transcriptionally upregulate multiple anti-apoptotic proteins, including BCL2 family members, the caspase-8 inhibitor c-FLIP, MCL1, and inhibitor of apoptosis proteins (IAP) (Grivennikov and Karin, 2010) . Independently, ATF4-induced miR-211 decreases DDIT3 expression by enhancing histone methylation at the DDIT3 promoter (Chitnis et al., 2012) . Additionally, ATF6a-dependent p58(IPK) limits apoptosis during oncogenic transformation by repressing PERK activity (Huber et al., 2013) . Consistent with these findings, germline Ddit3 deletion enhanced lung lesion development in an immunocompetent K-ras G12V -driven murine model of lung cancer (Huber et al., 2013) . BAX, BAK, PP2A, and GADD34 additionally modulate UPR signal strength, though how these factors influence cell fate under chronic ER stress in the TME is unknown (Hetz, 2012) . If cells successfully limit pro-apoptotic UPR outputs, ER stress confers survival advantages during tumor progression in vivo. Hypoxia and nutrient deprivation induce XBP1 splicing, which sustains cell growth and viability in human breast cancer cell lines in vitro and in vivo (Chen et al., 2014; Romero-Ramirez et al., 2004) . PERK-mediated NRF2 stabilization, glutathione synthesis, and HO-1 upregulation collectively reduce cytotoxic ROS levels to facilitate cancer cell growth (Bi et al., 2005; Dey et al., 2015; Rouschop et al., 2013) . Sublethal ER stress also enhances survival by sustaining autophagy, an intracellular recycling system charged with eliminating toxic cytosolic protein aggregates and damaged organelles. The UPR and autophagy are intimately linked, and pharmacological ER stress triggers autophagosome formation as an adaptive mechanism to remove damaged ER and restrict ER expansion (Bernales et al., 2006) . Furthermore, PERK-mediated eIF2a phosphorylation is required for LC3 lipidation, autophagy initiation, and survival in cells overexpressing aggregation-prone expanded polyglutamine 72 repeat (polyQ72) (Kouroku et al., 2007) , whereas ATF4 and CHOP upregulate numerous genes involved in autophagophore formation and maturation, such as Atg5, Atg12, Atg16l1, and Becn1 (B'chir et al., 2013) . Invasive cancer cells require PERKmediated autophagy to resist anoikis, a form of cell death triggered by extracellular matrix (ECM) detachment. Substrate detachment activates PERK-ATF4 signaling in human breast cancer, fibrosarcoma, and colorectal adenocarcinoma cell lines, and PERK-mediated autophagy limits damaging ROS accumulation (Avivar-Valderas et al., 2011; Dey et al., 2015) . Accordingly, silencing ATF4 strongly reduced fibrosarcoma lung metastasis in a xenograft mouse model (Dey et al., 2015) . Furthermore, human breast ductal carcinomas exhibit higher PERK phosphorylation than normal breast tissue, attesting to the physiological relevance of this mechanism (Avivar-Valderas et al., 2011) .
ER-stress-mediated autophagy likely also supports therapeutic resistance. A wide variety of anticancer drugs can induce autophagy, which can exert pro-survival or pro-apoptotic effects, depending on the drug used and tumor type (Sui et al., 2013) . Like PERK, IRE1a-JNK signaling can sustain autophagy (Ogata et al., 2006) , and this pathway facilitates sorafenib resistance in hepatocellular carcinoma cell lines (Shi et al., 2011) . In melanoma, immuno-histochemical analyses of paired pretreatment and post-resistance tumor biopsies revealed a marked increase in autophagy markers upon the development of vemurafenib resistance . BRAF (V600E) inhibition induced ER-stress-dependent cytoprotective autophagy, which was completely abrogated with the small-molecule PERK inhibitor GSK2606414 or by silencing EIF2AK3 . Critically, PERK inhibition alone had no effect on cell viability, whereas simultaneously blocking BRAF (V600E) and PERK induced apoptosis in chemoresistant cell lines. Vemurafenibmediated ER stress is also a therapeutic vulnerability that can be exploited to sensitize chemoresistant melanoma to pharmacological ER-stress-induced cell death (Beck et al., 2013) . Thus, blocking UPR-mediated cytoprotective autophagy or pharmacologically exacerbating chemotherapy-induced ER stress can overcome chemoresistance. ER-stress-induced autophagy can also be highly cytotoxic, as was recently shown with the BiP inhibitor HA15. This compound induced apoptosis in a variety of chemoresistant cancer cell lines in vitro and in vivo, though the mechanism remains incompletely understood (Cerezo et al., 2016) . In sum, optimal cancer growth and survival relies on carefully balanced UPR-signaling pathways that interact with other cell processes, such as autophagy, to result in cancer cell death or survival. Hence, depending on circumstances, either inhibition or overactivation of UPR pathways can lead to cell death. Metastasis Metastasis is a multi-step process in which cancer cells break away from the primary tumor site, infiltrate the surrounding ECM and stromal cell layers, enter the cardiovascular or lymphatic circulatory systems, colonize foreign tissues, and eventually grow into new tumor masses (Nieto et al., 2016) . The UPR contributes to multiple steps along this invasionmetastasis cascade. EMT facilitates initial stromal invasion and upregulates extracellular matrix protein production to facilitate migration and invasion. PERK buffers protein-folding stress during this increased secretory load and prevents anoikis during EMT-induced loss of cell-cell contact (Dey et al., 2015; Feng et al., 2014) . Inducing EMT by silencing E-cadherin or overexpressing Twist strongly enhanced migration and tumorsphere formation, which was inhibited by a small-molecule PERK inhibitor (Feng et al., 2014) . Critically, ATF4 target gene expression strongly correlated with an EMT gene signature in breast, colon, gastric, lung, and mixed origin metastatic cancers. Consequently, pretreating cells with a PERK inhibitor or silencing ATF4 dramatically reduced in vivo lung metastasis (Dey et al., 2015; Feng et al., 2014) . PERK also upregulates metastasisassociated LAMP3 to enhance migration and invasion in vitro and in vivo (Mujcic et al., 2013) . PERK is therefore a potential therapeutic target to reduce EMT and invasiveness.
If invasive cells escape the stroma and successfully enter the circulatory system, they are often deposited in inhospitable tissue microenvironments. Pioneer tumor cells adapt by entering a p38-dependent program of anti-proliferative dormancy, which persists until microenvironmental conditions improve. Dormant cells are often quiescent and exhibit reduced metabolic rates, which can insulate them from many anticancer drugs that rely on active proliferation. Disseminated tumor cells in the bone marrow of breast cancer patients exhibit high expression of multiple ER chaperones, including BiP, which insulates these cells from hypoxia and glucose deprivation (Bartkowiak et al., 2010 (Bartkowiak et al., , 2015 . Furthermore, comparative proteomic analyses of highly proliferative T-HEp3 human squamous carcinoma cell line and the D-HEp3 subclone, which becomes dormant in vivo despite growing in vitro, revealed a p38-dependent program sustaining high BiP expression and constitutive PERK phosphorylation. Dormancy-associated chemoresistance required both BiP and PERK, as silencing HSPA5 or overexpressing a dominant-negative PERK variant sensitized D-HEp3 cells to doxorubicin and etoposide-mediated apoptosis (Ranganathan et al., 2006) . Subsequent studies identified constitutive ATF6a nuclear translocation in the same dormant cell line, which was partially dependent on p38 signaling. Though ATF6a was not required for tumor cell growth in vitro, silencing ATF6 sensitized cells to rapamycin treatment and reduced tumor nodule size in vivo (Schewe and Aguirre-Ghiso, 2008) . ATF6a knockdown reduced pro-survival Rheb and mTOR expression in the dormant cell line, though whether these genes are direct ATF6a transcriptional targets remains to be determined. Thus, multiple branches of the UPR contribute to tumor cell dormancy during metastasis.
Even if environmental conditions become favorable for metastatic outgrowth, only TICs possess the necessary proliferative capacity to generate clinically detectable tumor masses. We recently identified the IRE1a-XBP1 pathway as a key regulator of TIC function in human triple-negative breast cancer (TNBC). Human basal-like breast cancer cell lines constitutively spliced XBP1, with highest splicing in patient-derived CD44 + CD24 low TICs. Silencing XBP1 potently inhibited mammosphere growth in multiple TNBC cell lines and primary patient samples (Chen et al., 2014) . Inducible silencing of XBP1 in established TNBC xenografts significantly reduced primary tumor growth, angiogenesis, secondary metastases, and tumor recurrence after chemotherapy without enhancing tumor cell death. ChIP sequencing and transcriptome analysis revealed that XBP1 and HIF1a cooperatively upregulated hypoxia response genes to enhance TIC function. Critically, high expression of XBP1 target genes correlated with reduced overall survival in two independent TNBC patient cohorts, positioning XBP1 as an attractive clinical target in this malignancy. Taken together, all three UPR branches collectively promote metastasis by sustaining invasion, dormancy, and tumor-initiating cell function. Angiogenesis Solid cancers require vascularization, often mediated by new vessel growth, in order to supply sufficient oxygen and nutrients for growth while removing potentially toxic waste buildup. UPR induction stabilizes the VEGF mRNA via AMPK, though UPR-AMPK crosstalk is poorly understood (Pereira et al., 2010) . PERK translationally upregulates the vessel growth and stabilization factors VCIP and PDGFRB. Consequently, K-Ras-transformed Eif2ak3 À/À MEFs exhibited extensive vascular hemorrhaging, failed microvasculature formation, and reduced tumor growth in vivo (Blais et al., 2006) . XBP1, ATF4, and ATF6a can each transcriptionally upregulate Vegfa under hypoxia or glucose deprivation by directly binding the Vegf promoter or intronic enhancers (Ghosh et al., 2010) . IRE1a also sustains expression of a broad array of pro-angiogenic cytokines, including fibroblast growth factor 2 (FGF2), interleukin-6 (IL-6), IL-8, and angiogenin, which likely contributes to the reduced in vivo growth and neovascularization observed upon IRE1a or XBP1 disruption in glioma and TNBC, respectively (Auf et al., 2010; Chen et al., 2014) . Interestingly, glioma cells adapt to loss of IRE1a-mediated angiogenesis by enhancing mesenchymal differentiation and invasiveness to facilitate growth along established blood vessels, suggesting IRE1a may exert tumortype-specific angiogenic functions. The IRE1a kinase domain, but not the endoribonuclease domain, inhibited this vessel cooption, suggesting that vascularization can proceed independently of XBP1 or RIDD in certain cancer types (Jabouille et al., 2015) . Thus, IRE1a can therefore promote new vessel formation at the expense of other vascularization modes, though whether this occurs in other cancer types remains to be determined. Like IRE1a, silencing EIF2AK3 strongly suppressed tumor growth and vascularization in an orthotopic squamous cell carcinoma model, potentially due to PERK-mediated upregulation of FGF2, vascular endothelial growth factor (VEGF), and IL-6 and suppression of the anti-angiogenic cytokines/chemokines THBS1, CXCL14, and CXCL10 . Interestingly, VEGF signaling directly activated PERK, IRE1a, and ATF6a in human umbilical vein endothelial cells (HUVECs) via a phospholipase Cg-mTORC1 signaling pathway. Silencing EIF2S1 and ATF6 reduced VEGF-mediated AKT phosphorylation, cell survival, and neovascularization in vitro (Karali et al., 2014) . Interestingly, silencing ERN1 did not inhibit these angiogenic processes in vitro. Therefore, VEGF signaling and the UPR may occasionally engage in a positive feedback loop to sustain angiogenic processes. In sum, tumors rely on cell-intrinsic ER stress signaling and outward ER stress transmission to access oxygen and nutrients in the blood.
ER Stress Responses in Tumor-Associated Immune Cells
The microenvironment of most established tumors is formed by stromal cells, including leukocytes, vascular cells, and fibroblasts, whose normal functions are actively co-opted by cancer cells in order to promote malignant progression (Quail and Joyce, 2013) . For instance, leukocyte recruitment to tumor sites can lead to unfavorable effects, such as the secretion of growth factors enhancing cancer cell proliferation (Mantovani et al., 2008) , the induction of tumor vascularization through paracrine mechanisms (De Palma et al., 2007) , and the establishment of complex immunosuppressive networks that restrain the protective function of cancer-reactive T cells (Crespo et al., 2013) . Whereas the role of sustained ER stress in influencing the phenotype of cancer cells has been extensively studied during the last decade, the causes and consequences of ER stress in non-malignant cells that constitute the tumor microenvironment have just begun to be characterized.
Cancer Cells Undergoing ER Stress Actively Modulate Immune Cell Function
In vitro studies initially described some paracrine effects of ERstressed malignant cells on innate immune cell populations. Pharmacological induction of ER stress prompted cancer cell lines to release unknown soluble factors that induced upregulation of UPR markers and pro-inflammatory cytokines in responder macrophages (Mahadevan et al., 2011) . This process, termed ''transmissible ER stress,'' was then shown to affect the antigen-presenting capacity of bone-marrow-derived dendritic cells (DCs) while provoking overexpression of immunosuppressive molecules like arginase (Mahadevan et al., 2012) . These studies suggested that ER-stressed cancer cells secrete factors that actively modulate innate immune cell functions, but whether tumor-infiltrating leukocytes indeed experience physiological ER stress responses in vivo and whether this process contributed to tolerance and/or immunosuppression in cancer hosts was unknown. Importantly, subsequent studies demonstrated that administration of the ER stressor thapsigargin to tumor-bearing mice accelerated cancer progression and stimulated the accumulation and immunosuppressive capability of myeloid-derived suppressor cells (MDSCs), a process that could be alleviated upon treatment of cancer hosts with chemical chaperones that reduce ER stress (Lee et al., 2014) . Whereas sustained but controlled ER stress responses apparently endow cancer cells with greater immunomodulatory capacity, intense/lethal ER stress responses instigated by interventions, such as radiation or some chemotherapeutic agents, can trigger ICD and protective anti-tumor immunity (Pol et al., 2015) . Malignant cells exposed to drugs of the anthracycline family, for instance, experience irremediable ER stress characterized by ROS overproduction, increased cytoplasmic Ca 2+ levels, and activation of ER stress sensors, such as PERK and IRE1a, which can further promote activation of the inflammasome (Kepp et al., 2013; Lerner et al., 2012) . Prior to evoking cell death via induction of caspase-8, BAX, and BAK, these agents trigger exposure of the ER-associated chaperone calreticulin on the cancer cell surface, which acts as a classical eat me signal for neighboring immune cells (Kepp et al., 2013) . Interestingly, eIF2a phosphorylation correlates with calreticulin expression in non-small-cell lung cancer (NSCLC), and this phenomenon is further associated with enhanced anti-cancer immune responses and favorable prognosis (Fucikova et al., 2016) . However, XBP1 was recently demonstrated to impede ICD in metastatic colorectal cancer cells exposed to epidermal growth factor receptor blockers and chemotherapy (Pozzi et al., 2016) . Plantderived polyphenol fractions have also been shown to induce potent ICD and T-cell-dependent anti-tumor activity in preclinical models of melanoma and breast cancer (Gomez-Cadena et al., 2016; Urueñ a et al., 2015) , but whether ER stress response factors mediate these effects remains to be determined.
p97 is an AAA family ATPase that promotes the egress of misfolded proteins from the ER to the cytosol for subsequent proteasomal-mediated degradation (Wolf and Stolz, 2012) . Selective p97 inhibitors have recently been found to trigger intense ER stress responses, which interfere with autophagy and induce cancer cell death (Magnaghi et al., 2013 ). Yet, it is unknown whether this cytotoxic strategy can stimulate ICD or whether systemic p97 inhibition impacts the optimal function of anti-tumor immune cells in cancer hosts. The magnitude of ER stress in malignant cells therefore seems to define the development of either immunosuppressive or immunogenic responses.
Intrinsic ER Stress Responses in Cancer-Associated Immune Cells
Overexpression of ER stress markers in multiple cancer types is associated with unfavorable prognosis and poor clinical outcome (Chen et al., 2014; Dalton et al., 2013; Davies et al., 2008; Matsuo et al., 2013; Shimizu et al., 2016) . Though most of these detrimental effects have been attributed to direct protumoral roles of ER stress in the cancer cell, evaluating whether ER stress responses also operate in tumor stromal cells, such as leukocytes, endothelial cells, or fibroblasts, to influence malignant progression has recently emerged as an area of active research.
A function for the IRE1a-XBP1 branch of the UPR in cells of the immune system has been well established . IRE1a-XBP1 signaling is required for the optimal differentiation of plasma cells, some dendritic cell populations, and eosinophils in cancer-free hosts Iwakoshi et al., 2007; Reimold et al., 2001) . XBP1 expression in macrophages was necessary for optimal production of IL-6 in response to Toll-like receptor (TLR) agonists, and mice devoid of XBP1 in the hematopoietic system showed increased bacterial burden in models of systemic Francisella tularensis infection (Martinon et al., 2010) . Neutrophils infiltrating acute lung injury lesions exhibit XBP1 overactivation compared with lung-resident neutrophils in naive mice. In this setting, XBP1 was necessary for optimal neutrophil granule secretion, and ablation of XBP1-driven ER stress responses in these myeloid cells relieved acute lung injury (Hu et al., 2015) . Nevertheless, the function of IRE1a-XBP1 signaling in cancer-associated myeloid cells had not been explored.
Ovarian cancer is a highly aggressive and lethal malignancy that subverts the normal function of host DCs as a key mechanism to suppress the development of protective immune responses (Conejo-Garcia et al., 2016; Scarlett et al., 2012) . We postulated that hostile conditions within the tumor itself could trigger ER stress not only in cancer cells but also in immune cells that reside in the same adverse milieu. We found that dysfunctional DCs commonly present in the ovarian cancer microenvironment in both humans and rodents demonstrated robust expression of ER stress markers and sustained activation of the IRE1a-XBP1 arm of the UPR, compared with DCs isolated from non-tumor locations (Cubillos-Ruiz et al., 2015) . Ovarian tumor-infiltrating DCs (tDCs) showed high levels of ROS that promoted intracellular lipid peroxidation and the consequential generation of byproducts, such as 4-hydroxynonenal (4-HNE). This highly diffusible and reactive aldehyde modified several ER-resident chaperones and proteins in DCs, thereby disrupting ER homeostasis and triggering the UPR (Cubillos-Ruiz et al., 2015) . Of note, 4-HNE has been shown to promote vascular inflammation and atherogenesis by provoking ER stress in endothelial cells (Vladykovskaya et al., 2012) . Numerous cytotoxic drugs induce oxidative stress and subsequent 4-HNE generation (Velez et al., 2011) , suggesting that chemotherapy might promote immunosuppressive ER stress in myeloid cells of the tumor microenvironment. Supporting this notion, the status of lipid peroxidation at the time of tumor resection has been proposed as a biomarker of disease recurrence in breast cancer patients (Herrera et al., 2014) . Treatment with antioxidants that control ROS overproduction, or hydrazine derivatives capable of sequestering 4-HNE, prevented the induction of ER stress in DCs exposed to tumor-derived factors present in ovarian cancer ascites supernatants (Cubillos-Ruiz et al., 2015) . Conditional deletion of Xbp1 in DCs resulted in delayed ovarian cancer progression in various models of primary and metastatic ovarian cancer, and these effects were mediated by the generation of protective T cell responses (Cubillos-Ruiz et al., 2015) . XBP1 overactivation in tDCs disrupted lipid biosynthetic processes and stimulated aberrant accumulation of triglycerides, a process that was associated with reduced tDC antigen-presenting capacity. Accordingly, extensive functional assays revealed that tDCs lacking XBP1 abandoned their usual tolerogenic phenotype and became immunostimulatory cells in vivo and in situ. Interestingly, uncontrolled lipid accumulation and the generation of oxidized fatty acids have been demonstrated to be common regulatory features of tumor-infiltrating myeloid cells (Herber et al., 2010; Hossain et al., 2015; Ramakrishnan et al., 2014) . Consistent with the anti-tumoral effects elicited by tDCs lacking IRE1a or XBP1, controlling receptor-mediated lipid uptake or inhibiting fatty acid oxidation can boost anti-cancer immunity by enhancing myeloid cell function in the tumor microenvironment (Herber et al., 2010; Hossain et al., 2015; Ramakrishnan et al., 2014) .
The key immunoregulatory role of aberrant IRE1a-XBP1 signaling in cancer-associated myeloid cells was supported by Gabrilovich and colleagues (Condamine et al., 2016) , who found that overexpression of ER-stress-related gene markers and surface expression of the lectin-type oxidized LDL receptor-1 (LOX-1) could effectively distinguish high-density neutrophils from low-density immunosuppressive polymorphonuclear MDSCs (PMN-MDSCs). More importantly, pharmacological induction of ER stress using thapsigargin triggered LOX-1 upregulation in human neutrophils and simultaneously transformed them into immunosuppressive cells, a process that could be prevented by targeting IRE1a-XBP1 activation using selective IRE1a inhibitors, such as B-I09 (Condamine et al., 2016; Tang et al., 2014) .
Tumor-associated macrophages promote malignant progression and support chemoresistance via multiple mechanisms (Quail and Joyce, 2013) . For instance, macrophage-derived cathepsins can enhance cancer cell invasion and angiogenesis in the tumor microenvironment (Olson and Joyce, 2015) . IL-4 had been demonstrated to control Xbp1 expression in B cells, and this process was required for optimal IL-6 synthesis by these lymphoid cells . Interestingly, IL-4 was recently found to synergize with IL-6 or IL-10 to trigger IRE1a-XBP1 activation in macrophages via STAT6 and STAT3, a process that promoted cathepsin secretion (Yan et al., 2016) . Intriguingly, IRE1a was shown to be required for STAT3 phosphorylation under IL-6 stimulation (Liu et al., 2015) , implying a potential positive feedback loop between these two factors. Transient silencing or pharmacological inhibition of IRE1a in bone-marrow-derived macrophages stimulated with IL-6 and IL-4 impaired cathepsin secretion and blunted macrophagemediated cancer cell invasion in vitro (Yan et al., 2016) . However, genetic evidence is needed to ascertain whether IRE1a-XBP1 signaling controls cathepsin secretion by tumor-associated macrophages in vivo. The IRE1a-XBP1 arm of the UPR therefore emerges as a key modulator of tumor-associated myeloid cells, such as DCs, neutrophils, MDSCs, and macrophages (Figure 3) .
In addition to the protumoral role of the IRE1a-XBP1 arm in myeloid cells, the UPR downstream effector CHOP also operates as a regulator of MDSC activity and turnover in tumors (Thevenot et al., 2014) . CHOP was initially found to control the polarization of macrophages into ''alternatively activated'' cells and to directly regulate pro-inflammatory cytokines, such as IL-23, IL-1b, and IL-6 (Chen et al., 2009; Goodall et al., 2010; Oh et al., 2012) . Augmented CHOP expression was recently detected in MDSCs infiltrating mouse and human tumors, a process that directly correlated with the ability of MDSC to restrain T cell responses Thevenot et al., 2014) . Ddit3-deficient hosts challenged with a variety of cancer types demonstrated delayed tumor growth compared with their wild-type counterparts, and these effects were mediated by the induction of protective CD8 + T cells (Thevenot et al., 2014) .
Notably, MDSCs isolated from tumor-bearing mice devoid of CHOP exhibited reduced immunosuppressive activity toward T cells due to defective expression of regulatory factors, such as arginase (Thevenot et al., 2014) . Similar to their activating effects on IRE1a-XBP1 in tDCs (Cubillos-Ruiz et al., 2015) , endogenous ROS also provoked CHOP overexpression in tumor-associated MDSCs (Thevenot et al., 2014) , suggesting a conserved role for ROS in the induction of ER stress responses in cancerassociated myeloid cells. Besides PERK, other UPR-independent kinases, such as HRI, GCN2, and PKR, can regulate the eIF2a/ATF4/CHOP signaling axis (Hetz et al., 2013) . Thus, the precise upstream drivers of enhanced CHOP activity in cancer-associated MDSCs remain to be defined and characterized. In addition, it is unknown whether ER-stress-induced PERK or ATF4 could play CHOPindependent roles that impact MDSCs or additional tumorinduced immunosuppressive mechanisms. Nonetheless, recent studies indicate that ER stress may also control MDSC survival in tumors . UPR engagement was detected in tumor-infiltrating MDSCs and promoted their apoptosis through tumor necrosis factor (TNF)-related apoptosis-induced ligand receptor 2 (DR5) and caspase 8 activation , suggesting that treatment with DR5 agonists could represent a potential strategy for targeting MDSCs in cancer. Notably, tumor-infiltrating MDSCs devoid of CHOP demonstrated delayed apoptosis and prolonged survival rates, indicating that CHOP acts as a key regulator of MDSC turnover in vivo (Thevenot et al., 2014) .
Taken together, these recent findings suggest that ER stress responses driven by IRE1a-XBP1 signaling and CHOP are crucial modulators of myeloid cell activity and survival in tumors (Figure 3 ). It remains unknown whether the ATF6a branch of the UPR also contributes to myeloid cell dysfunction in cancer. Furthermore, whether ER stress responses also operate in other major cell types of the tumor microenvironment, such as T cells, fibroblasts, and endothelial cells, remains to be tested.
Therapeutic Strategies to Control ER Stress Responses in Cancer
Pharmacological Inhibitors Sustained IRE1a-XBP1 signaling promotes cancer-cell-intrinsic growth, metastasis, and chemoresistance, but its surprising role as a key modulator of myeloid cell function in tumors emerges as an attractive target for cancer immunotherapy. Whereas direct pharmacological inhibition of nuclear XBP1 is difficult due to major technical limitations, targeting its upstream activator, IRE1a, represents a viable strategy. Indeed, the dual enzyme IRE1a is amenable to small-molecule targeting, and two classes of direct inhibitors have been identified. The first group of compounds directly targets the IRE1a endoribonuclease domain, and some examples of this class include toyocamycin (Ri et al., 2012) , STF-083010 (Papandreou et al., 2011) , 4m8C (Cross et al., 2012) , MKC-3946 (Mimura et al., 2012) , and B-I09 Figure 4) . Notably, these direct IRE1a endonuclease inhibitors were capable of blocking Xbp1 splicing without affecting IRE1a phosphorylation or the PERK and ATF6a arms of the UPR. STF-083010, MKC-3946, and toyocamycin have demonstrated therapeutic efficacy in multiple myeloma xenograft models, and B-I09 has been shown to control the aggressiveness of chronic lymphocytic leukemia cells in vivo . Importantly, daily intraperitoneal administration of 4m8C substantially decreased pathological joint swelling in the KBxN serum transfer murine model of rheumatoid arthritis (Qiu et al., 2013) . This suggests that this class of inhibitors could be also used in cancer hosts to modulate the function of intratumoral myeloid cells.
The second group of inhibitors targets the IRE1a kinase domain in order to allosterically disrupt its endoribonuclease function (Figure 4) . A recent compound in this category is KIRA6 (Ghosh et al., 2014) , which reduced plasma glucose levels and improved glucose tolerance in Ins2 +/Akita mice that exhibit chronic ER stress in pancreatic b cells (Ghosh et al., 2014) . Moreover, intravitreal KIRA6 injection in the P23H transgenic rat model of retinitis pigmentosa preserved photoreceptor viability and function (Ghosh et al., 2014) . Nevertheless, it has not been determined whether treatment with IRE1a inhibitors fully recapitulates the biological effects of IRE1a genetic ablation. Developing novel IRE1a inhibitors with potent in vivo efficacy in the tumor microenvironment could therefore be useful to directly restrain cancer cell survival, metastasis, and chemoresistance while eliciting protective anti-tumor immune responses via myeloid cell reprogramming.
Because targeting CHOP in the nucleus using small-molecule inhibitors would also involve major technical challenges, restraining the activity of its upstream activators, PERK or eIF2a, may represent a more practical approach (Figure 4) . GSK2606414 was the first reported PERK inhibitor (Axten et al., 2012) and was found to be neuroprotective in mouse models of prion disease (Moreno et al., 2013) . Another ATPcompetitive inhibitor of PERK enzymatic activity, GSK2656157, was shown to impede ER-stress-induced PERK autophosphorylation, eIF2a phosphorylation, and subsequent overexpression of ATF4 and CHOP in multiple cell lines (Atkins et al., 2013) . Oral administration of GSK2656157 to mice impaired PERK autophosphorylation in the pancreas and compromised xenograft tumor growth in immunodeficient hosts (Atkins et al., 2013) . However, further studies indicate that inhibition of PERK activity by GSK2656157 does not always correlate with reduced eIF2a phosphorylation and that this inhibitor fails to recreate the biological effects of PERK genetic inactivation (Krishnamoorthy IRE1a-XBP1 overactivation in tDCs is driven by lipid peroxidation byproducts like 4-HNE. This process disrupts their lipid metabolic homeostasis and cripples antigen presentation to T cells, thereby impeding the development of protective immune responses. Neutrophils and MDSCs use IRE1a-XBP1 and CHOP, respectively, to express factors, such as arginase, that actively suppress T cell function. It is unknown whether IRE1a-XBP1 activation is required for the development of MDSCs in cancer hosts. IL-4 and IL-6 signaling triggers cathepsin expression in macrophages via IRE1a-XBP1 activation to promote cancer cell invasion. It is plausible to speculate that other tumor-associated myeloid cells, besides macrophages, could use the ER stress response to secrete factors that promote cancer cell survival and aggressiveness. Whether macrophages and/or cancer cells also use ER stress response factors to directly inhibit T cell function within tumor masses is unknown. et al., 2014). The integrated stress response inhibitor (ISRIB) is a symmetric bisglycolamide that renders cells resistant to eIF2a phosphorylation, thereby blocking the activation of ATF4 and the accumulation of CHOP during conditions of ER stress (Sidrauski et al., 2015) . Importantly, this compound showed significant in vivo effects by enhancing spatial and fear-associated learning in rodents (Sidrauski et al., 2015) . Whether GSK2656157 or ISRIB could modulate the function or survival of MDSCs in the tumor microenvironment by impeding PERK/eIF2a-mediated CHOP activation is yet to be tested. Given the importance of PERK and IRE1a-XBP1 signaling in organ homeostasis of highly secretory tissues, careful optimization of these inhibitory compounds for in vivo use is essential to minimize potential side effects and toxicity in treated hosts.
Ceapins, a new class of pyrazole amides, were recently demonstrated to specifically inhibit the ATF6a branch of the UPR by blocking ATF6a processing and nuclear translocation in cells undergoing ER stress (Gallagher and Walter, 2016) . Further optimization of Ceapins for in vivo use will hence be critical for determining the tumoricidal activity of these compounds alone or in combination with other agents that ablate PERK and/or IRE1a signaling in the tumor microenvironment. Additionally, developing new pharmacological interventions capable of triggering lethal ER stress and subsequent ICD selectively in malignant cells could also be useful for eliciting robust anti-tumor immune responses. Controlling Immune-Cell-Intrinsic ER Stress Responses Gene-targeting strategies have proven effective for therapeutically disabling detrimental IRE1a-XBP1 signaling in DCs of can- The IRE1a kinase domain can be inactivated using compounds like KIRA6, leading to allosteric inhibition of the IRE1a RNase domain. Other compounds, such as 4m8c, MKC-3946, and B-I09, can directly inhibit the IRE1a RNase domain to prevent splicing of the Xbp1 mRNA. Treatment with these IRE1a inhibitory compounds could be effective to reduce tolerance to hypoxia, angiogenesis, drug resistance, and metastatic capacity by cancer cells. These compounds could also be used to reprogram the function of cancer-associated myeloid cells, including macrophages, DCs, and neutrophils. Furthermore, siRNA-loaded nanoparticles could be effective for selectively silencing ERN1 or XBP1 in ovarian-cancer-associated DCs. Novel genome-editing technologies could be used to ablate IRE1a-XBP1 signaling in DCbased therapeutic vaccines for cancer. Recently developed inhibitors of PERK and eIF2a could be exploited to control CHOP overexpression by MDSCs and relieve immunosuppression in the tumor microenvironment. However, CHOP-independent roles of PERK/eIF2a in MDSCs have not been explored. Whether the ATF6a arm of the UPR also operates as a modulator of immune cell function in tumors has not been determined.
cer hosts (Cubillos-Ruiz et al., 2015) . In the ovarian cancer microenvironment, DCs exhibit a remarkable phagocytic capacity that renders them exceptional targets for nanoparticle-mediated RNAi therapeutics (Cubillos-Ruiz et al., 2009 , 2012 . Because ovarian cancer metastasis and malignant ascites accumulation are confined within the peritoneal cavity, administration of DC-targeting small interfering RNA (siRNA)-loaded nanocarriers in this anatomical location represents a novel and feasible immunotherapeutic strategy. In preclinical models of metastatic ovarian cancer, silencing Xbp1 or Ern1 using this approach transformed tolerogenic tDCs into highly immunostimulatory cells that extended host survival by evoking T-cell-mediated anti-tumor immunity (Cubillos-Ruiz et al., 2015) .
As a second strategy, we propose that IRE1a-XBP1 signaling could be genetically interrupted to enhance the efficacy of DC-based therapeutic vaccines in ovarian cancer, which unfortunately have shown limited success in recent clinical trials (Kandalaft et al., 2013) . In proof-of-concept experiments, we found that transferring Xbp1-deficient BMDCs intraperitoneally into mice bearing established ovarian cancer significantly delayed tumor progression compared with infusion of wild-type BMDCs (Cubillos-Ruiz et al., 2015) . Notably, transplanted Xbp1-deficient DCs were dominantly immunostimulatory over the endogenous (wild-type) regulatory DCs residing in the tumor microenvironment. Cutting-edge genome-editing technologies, such as CRISPR/Cas9, zinc finger nucleases, or TALENs (Gaj et al., 2013) , should therefore enable precise and efficient inactivation of XBP1 or ERN1 in DCs prior to adoptive transfer (Figure 4) , thereby protecting these transplanted DCs from the suppressive effects of aberrant ER stress responses in the tumor microenvironment. Interestingly, transplanted Ddit3-deficient MDSCs also show enhanced antigen-presenting capacity and potent T cell stimulatory capacity (Thevenot et al., 2014) , suggesting that the gene-targeting strategies described above may also be useful to re-program MDSC function in tumors.
Conclusions
Tumors thrive under adverse conditions, such as hypoxia, nutrient starvation, and oxidative stress, by adjusting their protein-folding capacity via the ER stress response pathway. Activation of multiple ER stress sensors has been demonstrated to endow malignant cells with greater tumorigenic, metastatic, and drug-resistant capacity. However, recent studies have uncovered a second mechanism by which abnormal ER stress responses promote malignant progression: by subverting the protective function of innate immune cells in the tumor microenvironment to cripple the development of anti-tumor immunity. Harnessing the intrinsic ability of our immune system to recognize and eliminate malignant cells represents an extraordinarily promising anti-cancer strategy, especially when combined with recently developed therapeutics, such as Gleevec, that precisely target genetic driver mutations in the tumor itself. Together, these two approaches offer the most exciting opportunities for cancer treatment since the development of chemotherapy. However, hostile microenvironmental conditions within aggressive solid tumors inhibit the optimal activity of protective immune cells. Targeting immunosuppression and re-programming immune cell function in the tumor microenvironment are fundamental requirements for developing successful cancer immunotherapies. Abnormal ER stress responses emerge as critical regulators of immune cell function in the tumor microenvironment and appear to integrate protumoral and immunosuppressive mechanisms in cancer hosts. Therefore, identifying, understanding, and disabling the precise molecular mechanisms by which ER stress inhibits the natural function of innate immune cells in tumors could be a novel approach to complement and enhance the efficacy of both standard chemotherapies and evolving cancer immunotherapies, such as checkpoint blockade and adoptive T cell transfer in the clinic.
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